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A model of porous structure growth in semiconductors based on 
propagation of pores along the <111>A directions has been 
developed.  The model predicts that pores originating at a surface 
pit lead to porous domains with a truncated tetrahedral shape. SEM 
and TEM were used to examine cross-sections of n-InP electrodes 
in the early stages of anodization in aqueous KOH and showed that 
pores propagate along the <111>A directions.  Domain outlines 
observed in both TEM and SEM images are in excellent agreement 
with the model.  The model is further supported by plan-view TEM 
and surface SEM images.  Quantitative measurements of aspect 
ratios of the observed domains are in excellent agreement with the 
predicted values. 
 
Introduction 
 
The formation of pores and porous structures in semiconductors during anodic etching 
has been extensively studied in a variety of electrolytes.1-6 Significant progress has been 
made in understanding basic mechanisms for the formation of porous silicon and several 
models have been proposed to account for the variety of pore types.7-8 Most of the work 
on porous III-V semiconductors has involved acidic electrolytes.10-12 Orientation of pores 
along preferred crystallographic directions has been reported under some conditions.1-17 
Porous domains, i.e. laterally confined regions where pores show evident features of 
organization around a central structure, have been observed in some instances during the 
early stages of porous layer growth. In GaP,18-20 semicircular domain cross-sections were 
observed suggesting isotropic pore growth, while in GaAs21 the domains were reported to 
be square in plan view suggesting directionally preferential pore growth. 
 
We recently reported22-24 the development of nanoporosity in highly doped (>1018 
cm-3 ) n-InP anodized in 2-10 mol dm-3 KOH. We obtained transmission electron 
microscopy (TEM) and atomic force microscopy (AFM) evidence that the nanoporous 
region is formed by penetration of surface pits into the semiconductor at particular points 
and pore propagation originating at these points. TEM cross-sections of electrodes at the 
early stages of anodization show individual nanoporous domains separated from the 
surface by a dense, ~40-nm-thick InP layer. We concluded that each domain develops as 
a result of directionally preferential pore propagation from an individual surface pit that 
forms a channel through this near-surface layer. 
 
This paper presents results of an investigation of the early stages of pore growth and 
the resulting domain shape. A model based on pore growth along the <111>A directions 
is used to explain the observed structures and domain shapes, and the predictions of the 
model are compared quantitatively with the experimental observations. 
 
Experimental 
 
The working electrode and electrochemical cell have been previously described.23 Briefly, 
the working electrode consisted of polished (100)-oriented sulfur-doped n-type indium 
phosphide (n-InP) grown by the liquid-encapsulated Czochralski (LEC) method and 
supplied by Sumitomo Electric. As-received polished wafers had an essentially 
featureless surface when viewed at a magnification of 1000X under an optical 
microscope with Nomarski interference contrast (i.e. a typical surface finish for 
substrates for epitaxial growth). The nominal density of surface defects of the LEC 
wafers, as characterized by the etch-pit density (EPD), was in the 103 cm-2 range or lower. 
Wafers were cleaved into coupons (typically ~5 mm square) along the natural {110} 
cleavage planes and an ohmic contact was made by alloying indium to the back of the 
coupons. The back and the cleaved edges were electrically isolated from the electrolyte 
by means of a suitable varnish. The electrode area was typically 0.2 cm2. The carrier 
concentration was ~3.4 × 1018 cm-3. The electrolyte was 5 mol dm-3 KOH and a 
conventional three-electrode cell configuration was used employing a platinum counter 
electrode and saturated calomel electrode (SCE) to which all potentials are referenced. 
All electrochemical experiments were carried out at room temperature and in the absence 
of light. 
 
A CH Instruments Model 650A Electrochemical Workstation interfaced to a Personal 
Computer (PC) was employed for cell parameter control and for data acquisition. All 
linear potential sweep (LPS) experiments were carried out at a scan rate of 2.5 mV s-1. 
TEM samples were prepared as previously described25 using a FEI 200 FIB workstation 
and examined using a JEOL 2000 TEM operating at 200 kV. Cleaved {011} cross-
sections were examined using a Hitachi S-4800 field emission scanning electron 
microscope operating at 5 kV unless otherwise stated. Crystallographic directions were 
determined by reference to the primary (01¯1¯) and secondary (01¯1) flats of the supplied 
wafers (identified using a standard wet chemical26 etch to reveal the <111>A faces). 
 
Porous Structure Model 
 
In III-V semiconductors the {111}B planes (e.g. the phosphorous planes in InP) are 
commonly found to be fast-etching both in electrochemical pore formation16,17 and in wet 
etching of trenches.26 This means that the direction of etching (i.e. the direction in which 
an etch-front moves or a pore propagates) is the <111>A direction. Gatos and Levine27,28 
have proposed model for the {111} surfaces of III-V semiconductors with a zinc-blende 
structure. According to this model the etch rates of these surfaces are dependent on the 
relative reactivity of the terminating atoms where the {111}A plane is terminated by 
weakly reacting Group III (metallic) atoms and the {111}B is terminated by strongly 
reacting Group V (non-metallic) atoms. Subsequent work by Holt29 into the behavior of 
these surfaces in InSb supports this model, showing a strong reactivity for the Sb and a 
weaker reactivity for the In. Substantial research into the behavior of GaAs30-32 and 
InP33,34 in a range of etchants, such as Piranha (H2SO4-H2O2-H2O mixtures) and bromine-
methanol, has identified the {111}A planes as the slow etch planes that are revealed 
during chemical etching. Similar results for photoelectrochemical etching35,36 and thermal 
decomposition37 of InP have shown the {111}A planes to be revealed due to the 
preferential removal of phosphorus. 
 
 
 
Figure 1: Isometric drawing of porous domains predicted for pore growth along the 
<111>A directions. The trapezium-shaped and triangular cross-sections in the (011) 
and (011¯) cleavage planes, respectively, are shown. Where the (011¯) cleavage plane 
intersects a domain near one of its vertices, the resulting small triangular cross-section 
(X) appears at a distance from the surface: an example is seen at X in Fig. 3. 
 
We showed in an earlier paper24 that porous domains form in the early stages of 
anodization of InP in KOH and that each domain originates from a pit in the surface. We 
now consider preferential growth along the <111>A directions of pores originating at a 
surface pit and show how we can deduce the shape of the resulting porous domains. In 
order to do this, it is useful to first consider the hypothetical case of pores originating at a 
point in the interior of a crystal and advancing only along the <111>A directions. If 
branching of pores does not occur and if pores grow at a instantaneously homogenous 
rate for all pores, after a time, t, pores will have grown an equal distance, l = ∫ to v dt, along 
each of the four <111>A directions. These primary pores will form the vertices of a 
tetrahedron and if branching is allowed to occur along the <111>A directions this 
tetrahedron will fill completely with pores up to its surfaces. Of course the domain 
originates not from a point in the bulk of the semiconductor but from a point near the 
surface of the electrode, and therefore only one half of the tetrahedron can exist. As 
shown in Fig. 1 the truncated tetrahedral shape, produced by the proposed model, has 
trapezium-, triangle- and square-shaped cross-sections in (011), (011¯) and (100) planes, 
respectively, where the (100) cross-section is of the domain base. 
 
Results and Discussion 
 
Cross-sectional Microscopy 
 
To develop a three-dimensional understanding of the growth of these porous-
structures, images were taken of three orthogonal views: the (100) surface plane, the 
(011) cleavage plane (parallel to primary flat) and the (011¯) cleavage plane (parallel to 
secondary flat). Fig. 2 shows an SEM (011) cross-section from an InP electrode in the 
early stages of anodization. A trapezium-shaped nanoporous domain (indicated by the 
broken line) is observed. The domain is separated from the surface by a near-surface 
layer of dense InP (at A). The similarity to the trapezium-shaped domain cross-section in 
the (011) plane in Fig. 1 is clearly evident. Primary pores extend downwards along the 
<111>A direction from a point near the surface to the bottom corners of the trapezium 
(see the pore marked ‘B’ on the left and a similar pore symmetrically on the right) Other 
pores branch downwards along the <111>A directions from the primary pores and fill the 
region between the primary pores. In contrast, the region between the primary pores and 
the near-surface layer has much fewer in-plane pores and is occupied mainly by holes. 
These holes can be seen in the (011) cross-section of the schematic in Fig. 1 and are the 
cross-sections of <111>A pores growing within orthogonal (011¯) planes. 
 
Figure 2: Cross-sectional SEM image of InP cleaved along the (011) plane following an 
LPS from 0 to 0.44 V (SCE) at 2.5 mV s-1 in 5 mol dm-3 KOH. Pore growth along the 
<111>A directions and trapezium-shaped domain are visible. 
 
Fig. 3 shows an SEM image of the (011¯) plane of an InP electrode in the early stages 
of anodization. A triangular domain cross-section can be seen in the image corresponding 
to the (011¯) cross-section shown in Fig. 1. Vertical arrays of holes can be seen 
corresponding to the cross-sections in this plane of the <111>A pores growing down 
from the surface in (011) planes as observed in Fig. 2. As can be seen in the schematic in 
Fig. 1, the <111>A directions in this plane, the (011¯) plane, are upwards towards the 
surface (making an angle of 35.26° with it). Pores along these directions seen in Fig. 3, 
are similar in orientation to those represented schematically in the (011¯) cross-section in 
Fig. 1. Thus we can see from Figs. 2 and 3 that pores grow downwards from the surface 
along the <111>A directions in the (011) plane and upwards along the <111>A directions 
in the (011¯) plane giving patterns in the SEM cross-sections very closely resembling 
those represented schematically in the corresponding cross-sections in Fig. 1. 
 
 
Figure 3: Cross-sectional SEM image of InP cleaved along the (011¯)  plane (orthogonal 
to Fig. 2) following an LPS from 0 to 0.44 V (SCE) at 2.5 mV s-1 in 5 mol dm-3 KOH. 
Pore growth along the <111>A directions and a triangular domain are clearly visible. A 
smaller domain cross-section at a distance from the surface is also visible (at X). 
 
 
Figure 4: Cross-sectional TEM image of InP after an LPS from 0.0 to 0.44 V (SCE) in 
5 mol dm-3 KOH at 2.5 mV s-1 (Same conditions as Fig. 3).  The TEM slice is ~100 nm 
thick; the [1¯00] direction is shown by an arrow. 
 
Fig. 4 shows a TEM cross-section of an electrode similar to that in Fig. 3. Again, it 
can be seen that the porous domain has a triangular outline and the dense near-surface 
layer is more clearly defined (at A). However, the interior of the image has a different 
appearance to that of the corresponding SEM image in Fig. 3. This difference is due to a 
TEM image being a two-dimensional representation of a three-dimensional slice of 
material. It follows that overlapping pores appear as if they are intersecting and pores that 
are growing through the volume appear as if they are growing within the plane of the 
image. This projection of images from the third dimension (depth of the slice) effectively 
prevents direct observation of the actual pore direction. Therefore, in Fig. 4 the prominent 
feature the [1¯00] central axis of the domain and parallel [1¯00] features, which are at 
intervals of ~40 nm, correspond to planes of pores growing in the orthogonal (011) 
planes and to the vertical arrays of holes in Fig. 3. 
 
In both the SEM (Fig. 3) and TEM (Fig. 4) images of the (011¯) cross-section, a small 
triangular feature (marked X in each case) at a considerable distance from the surface is 
clearly observed. It is clear that this is a cross-section of a domain that intersects the 
(011¯) cleavage plane close to one of its corners as shown at X in Fig. 1. This provides 
further confirmation that the nanoporous domains have a truncated-tetrahedron shape. 
 
Plan-view Microscopy 
 
 
 
Figure 5: Plan-view TEM image of a ~100-nm-thick section taken from the surface of 
the same InP electrode as in Fig. 4.  The plane of the micrograph is (100). 
 
Fig. 5 shows a plan-view TEM image of a 100-nm-thick slice along the (100) plane 
taken from the surface of an electrode. A nanoporous region with a square outline is 
clearly visible. This is consistent with the shape of the domain in Fig. 1 which shows a 
square base parallel to the surface of the electrode and immediately below the near-
surface layer.  The porosity within the square-shaped outline of the domain base appears 
as a mesh of approximately orthogonal structures. These are approximately parallel to the 
sides of the square and correspond to the <011> directions. Thus, the mesh represents the 
projection on the (100) plane of pores along the <111>A directions, again consistent with 
Fig. 1. 
 
 
 
Figure 6: Plan-view TEM image of a ~400-nm-thick section taken from the surface of 
the same InP electrode as in Fig. 3.  The plane of the micrograph is (100). 
 
Due to the thinness of the slice in Fig. 5, only the near-surface part (i.e. the square 
base) of the porous structure could be observed. When a thicker slice is examined it is 
possible to view the overall outline of domains in plan-view and not just the base of the 
domain. Fig. 6 shows such an image where some of the domains are small enough to be 
completely within the thickness of the TEM slice. (The section thickness is ~400 nm 
which is thicker than some, but not all, of the domains at this stage of etching.) In this 
image it can be seen that the domains are terminated at points in the long direction and by 
flat edges in the short direction, similar to the outline of a ship’s deck and corresponding 
to the overall domain shape of a truncated tetrahedron (see Fig. 1). Again, the pores 
within the domains are aligned in a mesh along the <011> axes corresponding to planes 
of pores growing along the <111>A directions. 
 
Fig. 7a is a SEM secondary-electron image of the surface of an electrode that has 
been anodically etched. The electron energy is sufficiently high (20 keV) to allow both 
the surface and near sub-surface features of the electrode to be examined. As previously 
observed by AFM24 the etching has caused small pits to appear in the surface. As 
observed in Fig. 7a, these pits are approximately circular with a typical diameter of 20 
nm. 
 
Fig. 7b is a SEM backscattered-electron image of the same electrode. The image 
highlights sub-surface structures similar to the structures that are visible in Fig. 7a as 
pronounced dark primary stripes pointing from the surface-pits along the [011¯] and [01¯1] 
crystallographic directions, and less pronounced secondary stripes extending 
orthogonally away from the primary stripes. This mesh of orthogonal stripes along the 
<011> axes of the image corresponds to the <011> structures seen in TEM plan views 
(Fig. 5). They are the projections in the (100) plane of pores along the <111>A direction. 
 
    
(a)             (b) 
 
Figure 7: (a) Secondary-electron and (b) backscattered-electron SEM images of (100) 
InP surface following a LPS from 0.0 to 0.537 V (SCE) in 5 mol dm-3 KOH at 2.5 mV 
s-1. Both images were taken at 20 kV allowing surface pits and some sub-surface 
features to be visible. 
 
Comparison of Experimental and Theoretical Domain Shapes 
 
Fig. 8 shows a schematic representation of domain cross-sections predicted (Fig. 1) 
for the two orthogonal {011} planes that contain the central [100] axis of a domain. Each 
of the schematics shows the outline of a domain that has grown for a time t from an 
origin point just beneath the surface. 
 
 
Figure 8: Schematic representation of {011} cross-sections along the central [100] axis 
through a domain from Fig. 1.  
 
 
 
Figure 9: Micrographs showing where the measurements for Table 1 were obtained. 
(a) TEM image in Fig. 4; (b) SEM image in Fig 3; and (c) SEM image in Fig 2. 
 
After a time t, the main pores in a domain (running from the central point to a vertex) 
will have grown a length, l. Since l is along a <111> direction, the domain depth b and 
the width of the domain base c (half the length of the long edge of the trapezium) are the 
components of l along the <100> and <011> directions, respectively. Thus, l is the 
diagonal of a cube of side b and c is the diagonal of the cube face. It follows that  
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Thus, the predicted value of the width-to-depth ratio is 414.12 ==bc . Similarly, the 
ratio 866.023 ==ca . These ratios are valid for any (011¯) domain cross-section but they 
are only valid for (011) domain cross-sections that include the central axis of the domain 
(where a cleave contains the surface pit of the domain). 
 
Measurements taken from TEM and SEM {011} domain cross-sections in this paper 
are shown in Table 1 (see Fig. 9). The ratios of these values are also shown along with 
the corresponding theoretical values. It can be seen that there is excellent agreement 
between the experimental and theoretical values. This supports the hypothesis that the 
pore growth occurs preferentially along the <111>A crystallographic directions. Thus, 
there is conclusive evidence that the domain cross-sections shown in the TEM and SEM 
micrographs in this paper are cross-sections of square-based truncated tetrahedral 
domains resulting from the propagation of pores from individual pits preferentially along 
the <111>A directions. 
 
Table 1: Comparison of experimental and theoretical ratios for the dimensions of porous
domains. The superscript letters a, b and c, refer to the respective images in Fig. 9. 
 
 
Measured Value 
/ nm 
(Triangle) a 
Measured Value 
/ nm 
(Triangle) b 
Measured Value 
/ nm 
(Trapezium) c 
Predicted 
Value 
a1 794 949 787 2
1l  
a2 805 978 783 2
1l  
b 650 785 643 3
1l  
c 919 1111 903 3
2l  
2c n/a n/a 1810 3
8l  
b
c
 
1.413 1.415 1.404 1.414 
( )b
c
×2
2
 
n/a n/a 1.407 1.414 
c
a1
 
0.863 0.854 0.870 0.866 
c
a2
 
0.876 0.880 0.866 0.866 
 
 
Conclusions 
 
We have developed a model of porous structure growth in semiconductors based on 
propagation of pores along the <111>A directions.  The model predicts that such pores, 
originating at a surface pit and propagating at an instantaneously homogenous growth 
rate, lead to porous domains with a truncated tetrahedral shape.  The domains have 
trapezium-, triangle- and square-shaped cross-sections in the (011), (011¯) and (100) 
planes, respectively. We have used SEM and TEM to examine cross-sections of n-InP 
electrodes in the early stages of anodization in aqueous KOH.  Cross-sectional SEM 
images show that pores originating from surface pits propagate along the <111>A 
directions while TEM images show projections of <111>A pores.  Domain outlines 
observed in both TEM and SEM images are in excellent agreement with the model.  The 
model is further supported by plan-view TEM and surface SEM images.  Quantitative 
measurements of aspect ratios of the observed domains are in excellent agreement with 
the predicted values. 
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